Abstract: Crystals of ZSM-5 containing Cu, Mn, and Fe have been synthesized up to 85 μm in length along the long axis. This is 1 to 2 orders of magnitude larger than any previously reported. Phase identification was accomplished by powder XRD. A modified Charnel's method was used to chelate the transition metal and the aluminum in the synthesis gel. Elemental analysis was performed by ICP-AES, confirming the presence of the metals. The metals are resistant to leaching under ion exchange and, as determined by partial dissolution, incorporated throughout the volume of the crystals.
INTRODUCTION
Metal substituted ZSM-5 has been shown to have many potential uses as catalysts [1] [2] [3] [4] . Despite significant effort [5] [6] [7] very little is known about how the metals are incorporated into the framework. For example, it is not yet certain why the metal sites do not all have equal catalytic activity [8, 9] . Thus, more needs to be known about the local environment of the catalytically active metal sites. This may be partially accomplished by NMR diffusion studies. Using randomly oriented polycrystalline samples greatly increases the complexity of the data analysis. However, if sufficiently large crystals can be synthesized they may be aligned in a single orientation in a matrix of capillary tubes [10] . If the knowledge of the diffusion pattern through the transition metal substituted ZSM-5 could be improved, a better understanding of the different catalytic activity of the metal might result.
Unsubstituted large crystals of ZSM-5 have been synthesized by several groups. Mueller reports crystals of up to 350 μm using colloidal silica and ammonia [11] . Crystals of up to 200 μm were synthesized using colloidal silica and sodium hydroxide [12] . A modified Charnell's method, which uses a surfactant to chelate the aluminum, was used to synthesize crystals of up to 220 μm. Triethylenetetramine was used as both the chelating agent and the template molecule [13] . Lermer reported synthesizing crystals of up to 280 μm [14] . Hayhurst conducted a study to determine what factors affect the crystal size of ZSM-5. Several different factors were considered, including, the content of silica, tetrapropyl ammonium (TPA), water, aluminum and sodium. It was found that a reduction in aluminum in the gel appeared to lead to larger crystals, supporting the theory that aluminum leads to increased nucleation, which in turn leads to decreased crystal size [13, 15] . It was also discerned that the more dilute systems encourage larger crystals, but extremely dilute systems can have the opposite effect. The influence Many metal containing zeolites have been made by ion exchange. This, however, has some disadvantages. When metals are introduced by ion exchange, this allows the possibility of the metal ions being leached during the catalysis process. With the metal being incorporated into the framework, the metal should be more secure. The incorporation of metals into the framework has been shown to be successful in other zeolites [16] .
EXPERIMENTAL
The transition metal containing zeolites were synthesized by adding salts of the desired metals directly to the synthesis gel. Two transition metal free syntheses were used as reference preparations. The first was based on a preparation by Mueller [11] . To increase the crystal size the synthesis gel was diluted by 14% resulting in the gel composition below: The gel was placed in 45 ml PTFE lined stainless steel acid digestion vessels (Parr) and heated statically at 180 o C for seven days. This yielded many regular, well shaped crystals of 25 μm. It was found that increasing the water content to 3000 resulted in crystals of 10-12 μm.
The second reference preparation used, had a high silicon content (Si/Al = 600) [17] . Its molar composition was: The resulting products were examined under an optical microscope for morphology and size. The products were analyzed by XRD to confirm the identity of the phase. Scanning electron microscopy was used to observe the morphology in detail for the more successful preparations. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) [18] was used to confirm the presence of metal in the product.
Portions of the batches were also washed with a 1.0 M solution of HCl in methanol for one hour to remove the surface of the crystals and any stray amorphous material. These samples were also analyzed by ICP-AES.
The powder X-ray diffraction (XRD) was performed using a Scintag PAD-V with a liquid nitrogen cooled Ge detector. A Hitachi S-4700 field emission scanning electron microscope was used for the microscopy.
RESULTS AND DISCUSSION
Phase pure, highly crystalline materials were prepared by the direct incorporation of the transition metal into the gel for Cu, Mn and Fe (see Fig. 1 ). It was found that substituting the metals for ~0.1% of the T atoms was the upper limit for the formation of discrete large crystals. The amount of metal in the gel with respect to the T-atoms was compared to the amount of metal in the product (%T-atoms, see Table 1 ). It may be seen that for all cases except the sample containing a b c d Fig. (1) . Powder X-ray diffraction patterns for (a) Cu Fe 3+ the product contains a higher percentage of metal atoms in the product than in the gel. The Fe 3+ sample was prepared with the surfactant, triethylenetetramine. It is probable that a majority of the iron was chelated and was not incorporated into the framework.
Scanning electron microscopy was used to observe the crystal morphology (see Fig. 2) . Crystal twinning, a common growth artifact with ZSM-5, can easily be seen in the SEM image of a crystal synthesized with Fe 2+ .
Crystals using the dilute version of Mueller's gel were synthesized containing Cu, Mn, and Fe. Just as for the transition metal free preparation, all were well shaped and did not show the twinning observed in the larger crystals. These were up to 10 μm in size (see Fig. 3 ).
The transition metal analysis for the acid washed samples is given in Table 2 . The relative amount of transition metal present in the crystal decreased after the acid washing. It did not however, vanish. Thus while the transition metal content is richer in the outer portions of the crystals, metals where incorporated throughout the crystal volume. This would clearly indicate that the transition metal content is not in only on the external surface or in the extraneous material. It is probable that more of the aluminum sites are available for substitution in the outer regions of the ZSM-5 crystal. This is consistent with observations by Von Ballmoos, et al. where mapping of large crystal ZSM-5, has found that the outer zones of the crystal are more aluminum rich than the center [19] . It is also consistent with results observed for small crystal samples.
Crystals were washed in 1M solution of HCl in methanol for one hour to dissolve the outer regions and remove any amorphous material. Elemental analysis on the washed crystals
The amount of metal relative to the T-atoms is presented in Table 2. CONCLUSIONS ZSM-5 crystals containing Cu, Mn, and Fe were synthesized up to 85 μm using a modified Charnel's method. The identity of the phase was confirmed by powder XRD. ICP-AES was used for the elemental analysis. These crystals however were twinned, preventing single crystal XRD from being performed. Smaller untwinned crystals of 10 μm have been synthesized. These are of sufficient size to use a synchrotron source to perform the single crystal XRD.
